Equilibrium studies were carried out for the adsorption of phosphate onto newly discharged coal gangue and spontaneous combustion coal gangue, which are industrial solid residues. The experimental data were fitted to the two-parameter equations of Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich and the three-parameter equations of the Redlich-Peterson, Sips and Toth isotherms by non-linear method. All three-parameter isotherm equations have a higher correlation coefficient than the two-parameter isotherm equations. For new discharged coal gangue, the maximum phosphate adsorption capacity is over 2.504 mg/g (as P), and the best two-parameter isotherm is Freundlich, which indicated multilayer adsorption takes place on the surface. For spontaneous combustion coal gangue, the maximum phosphate adsorption capacity is 7.079 mg/g (as P), two times larger than new discharged coal gangue, and the best two-parameter isotherm is
INTRODUCTION
One of the main causes of eutrophication is the large quantities of phosphate present in wastewater, which negatively affects both fresh water and marine water bodies (Filippelli ) . Phosphate removal from wastewater before its discharge into receiving waterways is significant for the protection of the natural water streams because phosphate is a limiting nutrient for eutrophication (Oladoja et al. ; Bhardwaj et al. ) . The removal of phosphate from water/wastewater has been widely investigated from the point of view on the prevention of the eutrophication of water bodies, phosphorus sustainability, and water resource scarcity (Wendling et al. ; Nur et al. ; Liu & Zhang ) .
Several techniques for the removal and recovery of phosphates from aqueous systems have been extensively investigated such as chemical precipitation, biological processes, membrane filtration, and adsorption (Zhang et Compared to the other techniques, the adsorption method is a versatile treatment widely used in industries for water/ wastewater treatment process due to its low operating cost, effective phosphate removal, lower sludge production, operational simplicity, and adsorbents reuse potential. Industrial wastes or by-products have been utilized as adsorbents for phosphate removal because it is cost effective. These are products such as fly-ash-based materials, biosorbents from organic residues, blast furnace slag, iron-rich residues, and so on (Wendling et al. ) .
Coal gangue is a complex industrial solid residue created during coal mining activities (approximately 10-15% of raw coal production) and known for its high ash yield, low heating value, and low carbon content (Zhou et al. ) . Currently, it is one of the largest industrial residues in terms of land-occupying area, annual emissions, and cumulative burden to China. The coal gangue wastes can cause serious environmental impacts such as atmospheric pollution by spontaneous combustion. Therefore, the disposal of coal gangue becomes an increasingly important problem, both from an environmental as well as an economic standpoint. At present, the beneficial utilization of coal gangue includes power generation, construction material, and filling material for reclamation (Chugh & Patwardhan ; Li et al. ) . The major mineralogical phase composition of coal gangue is quartz, montmorillonite, kaolinite, and illite, all of which have a certain adsorption potential for phosphate (Edzwald et al. ; He et al. ) .
The objective of this work was to study the feasibility of using coal gangues as an adsorbent for phosphate removal from an aqueous solution and compare the adsorption characteristics of new discharged coal gangue and spontaneous combustion coal gangue. The experimental data obtained in this study were analyzed by the non-linear two-parameter equations of Freundlich, Langmuir, Temkin, Dubinin-Radushkevich and the non-linear three-parameter equations of the Redlich-Peterson, Sips and Toth isotherm models. Furthermore, the best adsorption model was determined, and the possible adsorption mechanisms were also speculated.
MATERIALS AND ANALYSIS METHODS

Materials and characterization
The two kinds of coal gangues (new discharged and spontaneous combustion coal gangue) used in this study were obtained from a coal mining district located in Baotou, Inner Mongolia, China. New discharged coal gangue refers to the black coal gangue discharged within a year, and spontaneous combustion coal gangue refers to the red coal gangue that is formed after stacking and spontaneous combustion under certain conditions. The air dried materials were crushed into powder and sieved by different mesh sieves to homogenize them for the subsequent analysis. They were stored in a desiccator for further use.
The chemical composition of the coal gangue was analyzed by wet chemical and inductively coupled plasma atomic emission spectrophotometer (ICP-AES) techniques. The specific surface area (Brunauer-Emmett-Teller (BET) method) and average pore diameter (Barrett-Joyner-Halenda (BJH) method) of the coal gangues were determined at 77 K by N 2 adsorption/desorption isotherms using a Quantachrome Autosorb-IQ2-MP sorption analyzer. Besides the major compositions, the data of specific surface area and average pore diameter are shown in Table 1 . The XRD analysis was performed to examine the crystalline nature of the sample using a X-ray diffractometer (X'Pert Pro, Panalytical Corporation, The Netherlands) with Cu-Kα (30 kV, 15 mA) radiation. X-ray diffraction analysis showed that the main phases of the two coal gangues were quartz and kaolinite.
The phosphate species stock solution containing 500 mg/L (as P) was prepared by dissolving KH 2 PO 4 powder with ultra-pure water (Mill-Q SP system, Millipore). Phosphate working solutions in different concentrations were prepared by diluting the phosphate stock solution with ultra-pure water.
Batch adsorption studies
In order to evaluate the phosphate adsorption capacity of the two kinds of coal gangues, batch experiments were carried out by shaking 5 g coal gangue in 250 mL solutions with different initial phosphorus concentrations (ranging from 10 to 500 mg/L). The pH of the solutions were adjusted and maintained at 6.5 ± 0.5. All experiments were carried out in an Erlenmeyer flask and shaken at 25 W C, 200 rpm using a thermostat oscillator (HZQ-X300C). The suspension was shaken up to 168 h, which is sufficient contact time. The suspension was filtrated through a 0.45 μm membrane filter and phosphate was analyzed. The amount of phosphorus adsorbed at equilibrium, q (mg/g), was calculated using the following equation:
where C 0 and C e (mg/L) are the initial and equilibrium concentrations of phosphorus in the solution, V is the volume of the solution (L) and m is the mass of coal gangues (g).
Adsorption isotherms
The adsorption process can be understood through isotherms resulting from the adsorbate concentration in the solution and the amount of adsorbate adsorbed on a unit mass of the adsorbent at a constant temperature. Batch equilibrium adsorption experiments were used for assessment of the adsorbents, which are the new discharged coal gangue and spontaneous combustion coal gangue, through plots of adsorption isotherms. Previously, Freundlich and Langmuir adsorption isotherms have mainly been used to assess adsorbents, both isotherm equations can be transformed to a linear form and their two adjustable parameters can be estimated easily. However, this method of transforming data sets may lead to distortions in the original error distribution. Thus, nonlinear methods have been developed, including two-parameter equations, three-parameter equations and equations with more parameters. In this work, to estimate the feasibility, adsorption characteristics, and mechanism of phosphate adsorption on the two kinds of coal gangues, the isotherm data on phosphate adsorption were fitted to four two-parameter equations (Freundlich, Langmuir, Temkin and Dubinin-Radushkevich) and three three-parameter equations (Redlich-Peterson, Sips and Toth) with nonlinear regression. Seven isotherms, as described below in Equations (2)-(8) (Langmuir ; Sips ; Dubinin ; Aharoni & Sparks ; Hasany & Chaudhary ), were used for fitting the result obtained by the adsorption experiment data.
Langmuir equation:
Freundlich equation:
Temkin equation:
Dubinin-Radushkevich equation:
Redlich-Peterson equation:
Sips equation:
Toth equation:
where q is the amount adsorbed at equilibrium (mg/g), and C e is the equilibrium concentration of phosphate in solution (mg/L). The other parameters are different isotherm constants, which can be determined by regression of the experimental data, the meaning is shown in Table 2 . In this study, all of the isotherms were fitted by nonlinear regression using the least squares coefficient method. The curve fitting and statistical analyses were performed with Origin 8.5.
RESULTS AND DISCUSSION
Adsorption isotherms for new discharged coal gangue
The results of two-parameter isotherms by nonlinear regression for the phosphate adsorption of new discharged coal gangue are shown in Figure 1(a) , and four correlation coefficients are shown in Table 3 . As seen in Figure 1 (a), adsorption increases with an increasing concentration of phosphate at low phosphate concentrations, and tends to a near constant value at high phosphate concentrations. In the high phosphate concentrations region, the maximum phosphate adsorption capacity is over 2.504 mg/g (as P) in all four isotherm models, suggesting that the coal gangue has the potential to be used as an adsorbent for phosphate removal. The Freundlich and Langmuir isotherms have higher correlation coefficients than the Temkin and Dubinin-Radushkevich isotherms according to the least squares coefficient values in The three types of three-parameter isotherm models were also applied to evaluate the adsorption characteristics of new discharged coal gangue to phosphate as shown in Figure 1(b) . The calculated isotherm parameters and corresponding coefficient R 2 are shown in Table 4 . All Toth K t equilibrium constant q t (mg/g) adsorption amount of adsorbate t t ¼ 1, indicates the process occurs on a homogenous surface.
Figure 1 | Two-parameter (a) and three-parameter (b) isotherms of phosphate adsorption using new discharged coal gangue at 25 W C and pH 6.5 ± 0.5. Table 4 , which is far less than unity, thus the adsorption process does not apply to the Langmuir isotherms. This result is consistent with the results in the two-parameter isotherms. Moreover, the value of t in the Toth isotherm and the value of 1/n s in the Sips isotherm also do not equal unity, which indicates the adsorption of phosphate on new discharged coal gangue occurs on an inhomogeneous surface. This results is consistent with the fact that coal gangue as a natural product has an inhomogeneous surface.
Adsorption isotherms for spontaneous combustion coal gangue Figure 2 shows the equilibrium adsorption of phosphate using spontaneous combustion coal gangue as an adsorbent. The isotherm curves rise sharply in the initial stages. Eventually they reached a plateau, which means the adsorbent is saturated with adsorbate at this level. The values of the two-parameter isotherms constants with correlation coefficient R 2 are listed in Table 5 . The value of the Langmuir correlation coefficient is 0.999, which is higher than the other three isotherm values. This result indicates the adsorption process occurs on a homogenous surface by monolayer adsorption when using spontaneous combustion coal gangue, which is in an agreement with modified kaolin clay by loading Mg-Al hydrotalcite (Deng & Shi ) . The combustion process at high temperature may change the surface of coal gangue to be homogenous. The monolayer saturation capacity, Q L , is 7.076 mg/g, which is higher than other natural materials such as kaolinite, montmorillonite, and illite but lower than peat (Edzwald et al. ; Xiong & Mahmood ) . Especially, it is higher than the new discharged coal gangue described above. From Table 6 , the values of the three-parameter isotherms' correlation coefficient R 2 are higher than the twoparameter isotherms, except for the Langmuir isotherm model. The correlation coefficients of R 2 in Redlich-Peterson, Sips and Toth are 0.999, 0.999 and 0.998 respectively, suggesting the applicability of three-parameter isotherm models to represent the equilibrium adsorption of phosphate by spontaneous combustion coal gangue. The value of the 
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Figure 2 | Two-parameter (a) and three-parameter (b) isotherms of phosphate adsorption using spontaneous coal gangue at 25 W C and pH 6.5 ± 0.5.
constant g in the Redlich-Peterson isotherm and the value of the constant 1/n S in the Sips isotherm approaches unity, which indicates that the isotherm is approaching the Langmuir isotherm but not the Freundlich isotherm. The value of the constant t in the Toth isotherm is approximately equal to unity too, suggesting that the uptake of phosphate by spontaneous combustion coal gangue occurs on a homogenous surface. This result is also consistent with the two-parameter isotherm analysis.
Comparing the adsorption characteristics of two kinds of coal gangues, we concluded that spontaneous combustion coal gangue is more suitable for removing phosphate, according to the maximum adsorption amount being larger than for new discharged coal gangue, although both coal gangues showed good adsorption capacity. If new discharged coal gangue is treated at high temperature, the adsorption capacity is improved. However, using new discharged coal gangue as an adsorbent is economic from the perspective of the land occupation and environment protection. It is worth considering how to deal with the coal gangue after adsorption of phosphate. One possibility is making a mineral fertilizer using coal gangues after adsorption of phosphate.
The possible adsorption mechanisms
The surface properties of the adsorbent (including surface potential, functional groups) and the chemical properties of the adsorbate have decisive roles in the adsorption rate and adsorption capacity. In aqueous solution, a large number of hydroxyl groups exist on the surface of the adsorbent, and ionization and hydroxylation occur at different pH conditions. The first ionization constant and second ionization constant of phosphoric acid were pK a1 ¼ 2.12 and pK a2 ¼ 7.20 respectively, indicating that the main phosphate species exist as H 2 PO À 4 in the experiment condition (pH at 6.5 ± 0.5). The possible mechanisms of phosphate adsorption by coal gangues include: (1) van der Waals forces; (2) electrostatic function between the phosphate species and the coal gangues' surface groups; (3) ion exchange between the phosphate species and the surface groups on the coal gangue as Si-OH or Al-OH; (4) chemical bonding between the phosphate species and the surfaces groups on the coal gangue as M-OH and -COOH, etc. Both coal gangues belong to clay minerals according to material composition and properties, suggesting the Zeta potential of both coal gangues were negative (Vane & Zang ; Kaya & Yukselen ) . Therefore, they were less likely to adsorb by electrostatic function. The adsorption rate of both coal gangues was fast, indicating that physical adsorption occurred in the initial adsorption process. However, the pH values of the solutions changed from 6.5 to 7.5 for new discharged coal gangue, and from 6.5 to 8.5 for spontaneous combustion coal gangue, indicating that ion exchange occurred between the phosphate species and OH À groups on the surface of the coal gangues in aqueous solutions.
New discharged coal gangue is composed of inorganic compounds and organic compounds, which may play different roles in the adsorption process. In the solid-liquid interface of coal gangue, inorganic compounds exist as M-OH type, while organic compounds exist as -COOH or -NH type to provide the adsorption sites. Phosphate species not only interact with -OH groups, but may also interact with -COOH or -NH groups (coordination or hydrogen bond) to fix on the adsorbent. However, based on the adsorption isotherm analysis, the adsorption amount for spontaneous combustion coal gangue was larger than new discharged coal gangue, suggesting that few chemical bonds formed between the phosphate species and organic functional groups. For spontaneous combustion coal gangue, the organic compounds were decomposed in the high temperature combustion process, and only inorganic compounds provide the adsorption site. Comparing the maximum adsorption amount of spontaneous combustion coal gangue with the new discharged coal gangue, the inorganic adsorption sites may be more important for phosphate adsorption. Edzwald et al. () also reported that the contents of free metal is far greater importance (particularly, Fe and Ca) than the alumina-silica molecular ratio for phosphate retention on 
minerals. The data in which resulted in phosphorus adsorption rapidly increasing (Li et al. ) . In addition, new discharged coal gangue is a natural product, which has a heterogeneous surface, and the metal oxides exposed on the surface were relatively less, while the metal oxide exposed on the surface of spontaneous combustion coal gangue was larger due to high temperature combustion. Therefore, the adsorption capacity of spontaneous combustion coal gangue was larger than new discharged coal gangue. In other words, the multilayer adsorption occurring in the case of new discharged coal gangue and he monolayer adsorption occurring in the case of spontaneous combustion coal gangue, is due to the different surface properties of new discharged coal gangue (inhomogeneous) and spontaneous combustion coal gangue (homogenous). Finally, the adsorption mechanisms were complex, but the ion exchange process may play a main role in the adsorption process. The adsorption capacity and mechanisms were different due to different performance of two kinds of coal gangues.
CONCLUSIONS
The industrial solid residues of coal gangues were used as an adsorbent for removal of phosphate. In order to compare the adsorption characteristics of new discharged coal gangue and spontaneous combustion coal gangue, two and three parameter isotherm equations were used to analyze the adsorption experiment data. The results of the adsorption isotherms indicated that both coal gangues shows good adsorption performance. The maximum phosphate adsorption capacity of new discharged coal gangue is over 2.504 mg/g (as P), while the maximum phosphate adsorption capacity of spontaneous combustion coal gangue is over 7.076 mg/g (as P), which indicated that the spontaneous combustion coal gangue is more suitable for use as an adsorbent. The three-parameter isotherm model shows better fitting with the experiment data than two-parameter isotherm model in both cases; especially, the Redlich-Peterson model shows the best fitting in both cases. However, the adsorption of new discharged coal gangue was regarded as a multilayer inhomogeneous adsorption process, while the adsorption of spontaneous combustion coal gangue was regarded as a monolayer homogenous adsorption process. These different characteristics are due to the different nature of the surfaces of both adsorbents. The ion exchange process play the main role in the adsorption of phosphate by the two kinds of coal gangue. Calcined at 700 W C for 2 h.
